This paper presents the initial findings of a ground-breaking two-year CTBUH-funded research project investigating the real environmental and social sustainability of people's lifestyles in a number of high-rise residential towers in downtown Chicago, and a comparable number of low rise homes in suburban Oak Park, Chicago -based on actual energy bills and other real data. The study is ground-breaking because, to date, similar studies have been mostly based on very large data sets of generalized data regarding whole-city energy consumption, or large-scale transport patterns, which often misses important nuances. This study has thus prioritized quality of real data (based on around 250 households in both high rise and low rise case studies), over quantity. In both urban and suburban cases, the following factors have been assessed: (i) home operational energy use, (ii) embodied energy of the dwelling, (iii) home water consumption, (iv) mobility and transport movements, (v) urban/suburban Infrastructure, and (vi) quality of life. The full results of this seminal study will be published in the form of a CTBUH Research Report publication in 2017. Presented below is an overview of the initial (and, currently, unverified) findings of the research, together with the limitations of the study that should be taken into account, as well as future plans for developing this important pilot study.
Background to This Study: Urbanization and the Density Debate
Against the backdrop of United Nations statistics indicating 187,000 people urbanizing on the planet every day 1 , the accommodation of these 2.4 billion new urban dwellers over the next 35 years is one of the key issues that need to be addressed in considering the continued existence of the human race on this planet. Over the past decade or so, it has become widely believed that these one million new urban dwellers every week would be more sustainably accommodated through the densification of city centers rather than through the spread of suburban low-rise 'sprawl'. The concentration of people in denser citiessharing land, space, infrastructure, and facilities -is typically thought to offer greater energy efficiency than the expanded horizontal city, which requires more land usage as well as a higher energy expenditure (and pollution creation) in both infrastructure and mobility. It has thus become widely assumed that the "dense vertical" city is more sustainable than the "dispersed horizontal" city and this concept has certainly become a large factor in the unprecedented increase in the construction of tall buildings globally over the last two decades, especially in the developing world (see Fig. 1 ).
Though this belief in the sustainability benefits of 'dense' versus 'dispersed' living is driving the development of many cities across the world, the principle has rarely been examined at a detailed, quantitative level. Studies to date have been mostly generic, based on large data sets of generalized data regarding whole-urban energy consumption, or large-scale transport patterns. In some cases, seminal studies are still informing policy that are now several decades out of date. For instance, a study of 32 cities by Newman & Kenworthy in 1989 (see Fig. 2 ) concluded that there was a strong link between urban development densities and petroleum consumption (Newman & Kenworthy, 1989 ). This study is still commonly cited, despite it being 27 years old. In addition, there are very few studies that also take into account a 'quality of life' aspect to dense urban vs. dispersed suburban living.
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Antony Wood and Peng Du | International Journal of High-Rise Buildings studies in six key factors; (i) home operational energy use, (ii) embodied energy of the dwelling, (iii) home water use, (iv) mobility and transport movement, including both private and public transport, (v) urban/suburban Infrastructure, and (vi) quality of life. Fig. 3 shows the analytical framework of the factors affecting sustainability that are embraced within this research.
In doing this, though it draws reference to large-scale published studies, the emphasis is placed on obtaining real quality data wherever possible through, for example, the obtaining of actual home operational energy and water bills, tracking transport movements by all travel modes, investigating residents' satisfaction with life and a sense of community, etc.
The main vehicle for investigation was an on-line questionnaire, which required users to input numerous items of data, including uploading energy bills. Although it took more than one hour to complete the survey, over 500 responses were gathered from around 1500 individuals contacted.
Selection of Case Studies: Chicago
The U.S. population has continued to simultaneously urbanize as well as suburbanize. As a share of total population, the metropolitan population has increased from 69 percent in 1970 to 80 percent in 2000 (Hobbs & Stoops, 2002) . Within metropolitan areas, however, the popula- Figure 1 . Tall buildings completed (and the Total Number in Existence) each year, over 200m, 300m and 600m from 1968, (as of Jan 2016) -showing the unprecedented increase in tall building construction over the last decade or twodriven largely by increasing population growth and urbanization, and the belief in dense high-rise development being more sustainable than dispersed low-rise development (Source: Council on Tall Buildings and Urban Habitat). tion has continued to suburbanize. From 1970 to 2000, the U.S. suburban population more than doubled, from 52.7 million to 113 million (UIC, 2001 ).
This phenomenon is especially highlighted in Chicago, IL, where there has been a huge population shift from city to suburbs over the 20th century (see Fig. 4 ). The population of the actual City of Chicago (i.e. without it's outlying suburbs) peaked at 3.6 million in 1950, containing 70 percent of the wider metropolitan area residents. By 2000, 2.9 million Chicagoans made up only 36 percent of the wider metropolitan population (UIC, 2001) , and the remaining 64% were thus distributed across suburbs. Actually, suburban sprawl in Chicago is even much greater than imagined. A report released in 2014 by Smart Growth America (SGA) analyzes 221 US Metropolitan Statistical Areas (MSAs) and Metropolitan Divisions with a population of at least 200,000, and ranked cities from "most dense" to "most sprawling" based on four factors: development density, land use mix, activity centering, and street accessibility. Chicago MSA (Chicago-Joliet-Naperville, IL) was ranked 26th out of 221 on the densest cities and towns list, placed even lower than Los Angeles, which has been widely considered as one of the most sprawling cities in the country (SGA, 2014) .
Chicago is thus well positioned for a study exploring density vs. sprawl from a sustainability point of view. In addition, being the birthplace of the tall building and one of the main crucibles for experimentation in the typology in the century or more since then, Chicago is perfect for a study focused on urban density and tall buildings. In line with many other cities around the world over the past decade or two, it has seen both a suburbanization at the same time as a densification of its downtown area and a resurgence of people seeking high-rise urban living.
The study was thus undertaken based on two distinct case study sets: four residential towers in the City of Chicago as the downtown high-rise case studies, and Oak Park as the suburban low-rise case study. The relative geographic locations and connected transportation systems of these two areas are shown in Fig. 5 .
Case Study Set 1: Chicago Downtown Residential Towers
All of the four downtown residential towers are located in areas of relative high urban density and served by numerous forms of public transport. Specifically, Aqua Tower is located on the edge of the Chicago Loop (approximate published density = 7,200 people/km 2 ), the Legacy at Millennium Park is located within the Chicago Loop, and the Commonwealth Plaza (two towers) is located on the edge of the Lakeview neighborhood (approximate published density = 12,000 people/km 2 ), about 8 km north of the Chicago Loop (US Census Bureau, CTBUH) (see Fig.  6 ). The choice of these four residential towers was mainly because of their unique locations, and the research team having a good relationship with each building ownership/ management so as to encourage a high number of responses from residents. The varied towers were also chosen so as to enable a comparison across high-rise residential types and locations, as well as with the low-rise suburban scenario.
Case Study Set 2: Oak Park
Oak Park, a district accommodating 52,287 inhabitants (approximate published density = 4,262/km 2 ), is located 14 km from Chicago city center, and forms the low-rise suburb case study in this research (Source: American Community Survey, US Census Bureau). Oak Park constitutes a relatively dense mix of single-family homes and apartment blocks, with a very walkable environment, and is plugged into much of Chicagoland's public transport system (especially the mass transit CTA green and blue lines, and a main Metra train line).
The choice of this case study is perhaps surprising for those who are familiar with the Chicago urban agglomeration, since Oak Park is considered somewhat "sustainable" in many aspects, especially in comparison to most of the further outlying suburbs such as Aurora or Naperville, which would likely have shown a more marked contrast in the energy implications of transportation and supporting infrastructure to the downtown case studies than Oak Park. However, a large objective of this research project was to have applicability to many cities around the world, and thus to take a 'best case urban' versus 'worst case suburban' comparison would not be productive. Since the USA is one of the most energy-profligate nations when it comes to residential energy consumption, it is believed that Oak Park as a case study may be more akin, in agglomerated terms, to European or Asian situations, where there is good suburban access to public transport, and local amenities.
It should also be noted that one of the research team members and authors of this report resides in Oak Park and this was a significant factor in choosing this area as the "suburban low-rise" case study. As stated, the objective of the research was to get a high "quality" of data, rather than just "quantity", and thus choosing areas with a strong personal foothold was considered advantageous. This definitely had a positive impact on the project. Due to the personal encouragement of friends and neighbors to undertake the study, as well as enlisting the official help of the Village of Oak Park (the municipal authority), and the Schools District, 273 households in the suburban study alone engaged in the study, from the 565 approached (a response rate of 48%).
Survey Responses / Stakeholder Engagement / Household Demographics
Although it took more than one hour to complete the survey, 522 responses were gathered across both high rise and low rise scenarios, from 1561 households contacted, with 235 responses giving "completed" data (see Table 1 ). The response rate was thus 48% in the low-rise suburban scenario, 25% in the high-rise urban scenario, and 33% overall. Against published studies, these are very high responses rates, especially considering the complexity of the questionnaire, the time engagement needed, the supply of utility bills, and the highly personal nature of some information requested. As previously mentioned, this high response rate is at least partly due to the strong partnerships with municipal authorities and building owners/developers/ architects, as well as the personal connection of members of the research team with the residents in the case studies selected.
Although the percentage of responders in the high rise scenarios was lower than the low rise, the total number of questionnaire responses in both scenarios (downtown highrise = 249; and suburban low-rise = 273) is comparable, which is obviously beneficial as the sample sizes for the research project. The demographics and other relevant data from the surveys is shown in Table 2 .
As can be seen from the results in Table 2 , much of the demographic data is comparable across the high rise and low rise scenarios (gender, ethnicity, home ownership, etc) . The biggest differences are in the number of retirees per household (20% downtown vs. 6% suburban), number of children under 18 in the household (6% downtown vs. 38% suburban), the average resident age (51 years of age downtown vs. 32 years of age suburban), average household income ($232,000 downtown vs. $182,000 suburban), and household size (1.9 people per household downtown vs. 3.3. people per household suburban).
Interpreting this data, we can conclude that these factors are all likely linked, with the high rise residences accommodating an older populace, with more retirees and certainly less children, and a higher disposable income
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. This, at least in part, seems to confirm the notion that downtown high rise apartments are predominantly accommodating the "empty nesters" in many US cities, whilst a suburb such as Oak Park predominantly seems to cater for families. Specifically, the households embraced in this study in Oak Park include 273 children under 18 years old, approximately 38% of the total household members, whereas there are only 16 children, or approximately 5.5%, in the Note: (a) Considering that not all questions were compulsory, a "Completed" questionnaire is considered as one where 60-100% of questions were answered. A 'Partially Completed' questionnaire is considered as one where less than 60% of questions were answered. (b) Aqua Tower features 18 floors of hotel space (334 Rooms), 30 floors of rental apartments (474 Units) and 25 stories of owned condominiums (264 Units). Due to legal issues raised by the building owner and management, only condo residents (264) were able to participate in the survey.
downtown high-rises case studies. The data on household size has an impact on many other parts of this study, since much of the data is invariably reported per household, per person and per square meter. In the case of the high rise scenarios, the average Household size of 1.9 is almost half that of the Oak Park scenarios, at 3.3 people per Household. As we can see from the table, this then has an impact on the average Gross Floor Area of dwelling (GFA) and also car ownership per household. Whilst, as one might expect, the average GFA per It must be stated that this demographic skewing towards comparing predominantly affluent, white, older/retired couples and singles in the high rise scenarios, with affluent, largely white families in the suburban scenario, became a major limitation of the research project. This is discussed more in the Limitations of the Study and Future Research section. It should also be noted that another factor affecting this research is that older people were more perhaps more likely to respond to the questionnaire, since they generally have more time to commit to taking such time-consuming surveys. Young professionals in the downtown scenarios are often busy with life and work, and were difficult to capture effectively in this research.
Analysis and Results

Home Operational Site Energy Use
This category comprises the site energy 3 used for space heating and cooling, hot water heating, lighting, cooking, appliance / equipment operation, and all other forms of home operating energy usage. Data was gathered by collecting and analyzing actual energy bills (i.e., electric, gas, and, for the high-rise towers, chilled water 4 bills) for a 12-month period, and all converted into MJ per year 5 . In the case of the high rise buildings, common areas and facilities (such as lobbies, corridors, elevators, centralized MEP plant services, etc.) were taken into account, and a share of these allocated across all households in the building on a share-of-total-floor-area-according-to-unit-area basis. The types of energy bills paid by building management as opposed to individual unit owners differed across all the high rise scenarios and are explained in the notes section of Table 3 . It should be noted that it was not possible to obtain building energy bills for Aqua Tower, so that case study has been omitted from this part of the study.
As Table 3 shows, the findings of the energy audit are perhaps somewhat surprising, with the total energy consumption on a per square meter basis being similar across both high rise and low rise scenarios (1,258 and 1,202 GJ per annum respectively, thus actually 5% higher in the high rise buildings). The higher general floor area in the suburban homes means a greater energy consumption per household in the low-rise setting but, conversely, the more people living in those households meant that the energy consumption per person was less in the low-rise setting. This is a perhaps surprising result, given the prevailing belief that single-family suburban homes, especially of the older type predominantly included in this research, are large, extravagantly-occupied and more energy-profligate, especially with a high envelope surface-area-tofloor-area ratio for greater potential heat loss/gain, whilst modern high rise buildings have more energy-efficient construction and building services and a lower envelope surface-area-to-floor-area ratio for reduced potential heat Notes on Energy Provision: (a) Commonwealth Towers: The electricity bills paid by Building Management covers air conditioning, lighting, and mechanical systems of the common areas, as well as chilled water for the whole building (common areas + individual units). The gas bills paid by Building Management cover the gas usage for heating the whole building (common areas + individual units), as well as cooking in individual units. Commonwealth Towers have their own chillers, with the energy consumed accounted for in the electricity bills paid by Building Management. The electricity bills paid by individual units cover air conditioning, lighting, and appliances of individual units. (b) Legacy Tower: The electricity bills paid by Building Management cover air conditioning, heating, lighting, and mechanical systems of the common areas. The gas bills paid by Building Management cover common area feature fireplaces, and cooking in individual units. The chilled water in the Legacy Tower is provided by the city's district chilled water system, Thermal Chicago, which serves over 100 buildings within the city. The electricity bills paid by individual units cover air conditioning, heating, lighting, and appliances of individual units. (c) Aqua Tower: It was not possible to include Aqua Tower in this part of the survey since energy bills for the common areas were unobtainable.
loss/gain, coupled with a high potential benefit of heat (or even cooling) share between residential units. But, although this might be true of other scenarios, it was not the finding here. It is also perhaps surprising that the energy comparison between the 1956 completed Commonwealth Towers, with their single-glass curtain wall, and the 2009 completed Legacy Tower, with its double-glazed curtain wall and modern facilities, was not greater (just 5% greater for the older building).
Although a large part of this anomaly may be linked to the limitations of this research study (i.e., that the high rise scenarios basically focused on building predominantly accommodating affluent, semi-retired people living in large area apartments), such energy consumption differences are indeed curious. Certainly in post-data reflection and follow up discussions with residents, the following two factors seem to play a role:
1. Though the construction and systems in the more modern high rise building are indeed more efficient than in the older high rise and single family homes, the higher provision of facilities (i.e., indoor pool, whirlpool spa, fitness center, library, communal room, etc.) is such that more energy is needed to operate them. Though this thus has a detrimental effect on energy use, one would expect that it would have a positive effect on Quality of Life, and satisfaction with the home in particular.
2. Resident control seems to be a significant factor. In a single family home the user has direct control of all operating systems and can dictate when certain systems (e.g., heat / cool) are operating, based on the preferences of a small number of people (i.e. the family). This is less flexible in a high rise building where, often, the MEP systems are running even if people don't want them. Some residents described scenarios where the central heating (or cooling) was on but residents had windows open because it was too hot / too cold inside the apartment. Further verification work in this area is needed.
Home Embodied Energy
Home Embodied energy is the energy consumed in all activities necessary to construct the building, including the embodied energy in the materials themselves, and the dir- In addition, during a building's life, embodied energy is added through goods and services used in the maintenance and refurbishment of the home. It was outside the scope of this research project to undertake the very detailed calculations of embodied energy for four high rise buildings and more than 200 homes of differing construction in Oak Park. Instead, then available published studies on initial embodied energy (i.e., not including retrofits and refurbishments during the life of the buildings) for both high rise and low rise buildings were gathered, and an average value of initial embodied energy per square meter was used for both sets of scenarios (see Table 4 and 5)
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. Both scenarios were based on a 100-year life span for the buildings, which resulted in an averaged annual value of 0.101 GJ per square meter for the high rise scenarios, and approximately 30% less than this, 0.068 GJ per square meter, for the low rise scenarios. This higher embodied energy for the high rise buildings is perhaps expected, given the additional systems needed in a high rise building, and the greater stresses imposed on the structural, cladding and environmental services at height.
Water Consumption
The water consumption data was gathered by collecting and analyzing actual water bills for a 12-month period 7 . In the case of the downtown high-rise buildings, individual units are not metered and thus do not receive individual water bills, so the water bills collected from the building management cover the total water use of the entire buildings, including both indoor and outdoor activities. The allocation of water consumption to households was thus calculated on a share-of-total-floor-area-according-tounit-area basis (see Table 6 ).
The findings show that the downtown high-rise buildings consume 34,320 gallons of water per household per year on average, which is only 39% of that consumed by the suburban low-rise households (87,523 gallon). This is likely due to the predominance of private gardens in the suburban setting and, of course, the higher number of people per household. This is borne out when considering the per person basis, with people in downtown high-rise buil- 
Mobility and Transport Movements
Typical weekly mobility & transport movements for each person in each household was assessed through the questionnaire and extrapolated to monthly and annual vales for comparison. All modes of transport were assessed, including: walking, bicycling, automobile, and 3 forms of public transport -bus, CTA train (i.e., the City of Chicago's combination of elevated rail and underground subway mass transit system), and regional Metro train (similar to Amtrak, which provides medium-and long-distance inter-city rail service). In addition, all types of typical journeys were embraced, including: work, school, shops, restaurant/entertainment, family/friends and "other" (specify if applicable).
The journey to each primary destination allowed for two pattern inputs: primary journey pattern and secondary journey pattern. In each pattern, frequency (times per week), travel time (minutes), and distance (miles) via each mode of travel involved in this journey were examined. Thus, for example, the survey allowed for the responder to indicate a 10 minute walk followed by 30 minute train journey to get to work on three days of the week, and a 5 minute bicycle ride followed by a 40 minute bus journey to get to work on two days of the week. In addition, car ownership and the types of cars were investigated. Table 7 summarizes the average weekly distances traveled by all modes of transport to all destinations for both downtown and suburban homes, presented on a per-household and per person basis.
As we can see, Oak Park households travel almost twoand-a-half times as far on a weekly basis as the downtown households (287 km downtown vs. 700 km suburban), although the time spent travelling on a per person basis is only 9% greater (6.6 hours downtown vs. 7.2 hours subur- ban).The breakdown of transport mode is 57% by private automobile, 37% by public transport, and 6% walking / cycling / "other" in the suburban scenario. Conversely, the downtown households travel 65% by private automobile, 16% by public transport, and 19% by walking / cycling / "other". The higher automobile / lower public transport use with the downtown households is potentially counterintuitive, but it must be remembered that the distance travelled by car is much lower than in the suburban setting. These journeys are predominantly being undertaken to go shopping, or visit places outside the city (as opposed to work / recreation) and the higher walking / biking distance indicates that many of the journeys that are undertaken in the suburban setting by public transport, are undertaken on foot in the downtown scenario. Within the four downtown residential towers, the Commonwealth Plaza households traveled the most by walking, bicycling and bus (likely because of their greater distance from CTA / Metra infrastructure), and the Legacy households traveled the most by both (for likely the exact inverse reason).
Urban/Suburban Infrastructure
Urban/suburban infrastructure includes all the networks and elements that are required to support inhabitation; roads, transportation, water, sewage, power, lighting supply, etc. This was by far the most difficult part of this study to assess, partly because of the shear amount of different infrastructure contained in any urban or suburban scenario, and partly because of the relative infancy of both the methodologies for assessing the embodied energy of infrastructure and the lack of previously published studies. To get some appreciation of the relative amount and density of infrastructure in both downtown and suburban scenarios, certain infrastructure networks in both locations were mapped (see Fig. 7 as an example). In addition, provision for networks running through the areas between the locations and the points of supply were factored in.
The infrastructure networks studied included; (i) road (surface area); (ii) electrical supply (length of supply network); (iii) gas supply (length of supply network); and (iv) water supply (length of supply network). In all cases the networks were assessed against the total population in each area, including a factor for daytime population gain/loss through shifting work patterns, from published Census data (basically daytime population gain in the downtown high rise scenarios, and daytime population loss in the suburban scenarios). This "infrastructure per person" figure was then transferred into "infrastructure per household" and "infrastructure per m 2 of household" figures using the average household size and GFA/household figures gleaned earlier.
Perhaps unsurprisingly, it is this assessment of infrastructure provision that shows the greatest difference between the urban and suburban scenarios, with the urban infrastructure provision per person in the downtown scenarios being much lower than in suburban scenarios, due to the more concentrated geographic area, and the higher number of people using such infrastructure, downtown. For example, the ratio of suburban-to-urban infrastructure provision for each network on a per person basis was approximated as follows: (i) Surface Area of Roads: +1200%, (ii) Electrical Supply network: +528%; (iii) Gas Supply network: +563%; and (iv) Water Supply network: +564% (see Table 8 ).
It is this area of the study that is currently under review and being developed. There are many significant assumptions and caveats made in these complicated assessments, and the figures reported above.
Analysis: Quality of Life
The Quality of Life (QoL) research relied on qualitative, rather than quantitative, data, with an extensive section of the questionnaire devoted to numerous questions focused on assessing both a Satisfaction With Life Scale (SWLS) and a Sense of Community Index (SCI). Published methodologies from Humanities fields were used, Perhaps unsurprisingly, given that the study involved evaluating predominantly affluent, white, semi-retired people in the high rise scenarios and affluent, white, middle class families in the suburban scenarios -both of whom had largely chosen to live where they reside -the Quality of Life indicators were high for both scenarios (see Table  9 ). Those living in the high rise buildings had a slightly higher SWLS score (4.18 as opposed to 4.01, out of a possible 5), whereas those living in the suburban scenario had a slightly higher Sense of Community score (3.90 compared with 3.6, out of a possible 5). However, when controlling for demographic differences, the study found that residence type (urban and suburban scenarios) was not significantly associated with a sense of community. The factor that was found to be most associated with a sense of community, perhaps unsurprisingly, was household size (i.e., the greater the number of household members, the higher the sense of community). Table 10 summarizes the key findings of this research, focusing on the ratio of Suburban-to-Urban values across all main data fields. Building operational and embodied energy are show on a GJ per square meter of floor space basis, whereas all other indicators are shown on a per person basis, so as not to allow the differing household physical size, or the number of people in each household, skew the results.
Summary of Findings
As mentioned in the relevant sections of this paper, operational energy across both high rise and low rise scenarios are virtually the same on a square meterage basis, whereas embodied energy in the low-rise scenario is approximately a third less than high rise. Water consumption is approximately a third more in the suburban setting than Note: (a) The total travel distance is the sum of walk/bike + auto + public transit + "other", but "other" is not list in this final comparison table.
downtown. People in the suburban setting spend only around 8% more time travelling than downtown residents, but manage a 41% increase of actual kilometers travelled. The Oak Park residents travelled only 46% of the distance travelled by downtown residents by bike/walking, but 305% of the distance travelled by automobile, and 323% by public transport. Examining the four fields studied for urban-suburban infrastructure provision (i.e., road surface area and lengths of electrical supply cables, gas supply pipes and water supply pipes), the suburban infrastructure showed an averaged 714% increase over the amount of urban infrastructure, on a per person basis. Quality of Life indicators were comparable across the two scenarios, with the downtown scenarios registering a slightly higher "Satisfaction with Life" and "Overall Residential Satisfaction" scores, and the suburban scenario registering a slightly higher "Sense of Community" score. Whilst many of these results are perhaps as expected, it is the comparable operating energy across both scenarios that is perhaps the most surprising. Given that many homes in the Oak Park scenario are of old construction and presumably poorly insulated etc, it is surprising that they consume as much energy per square meter as a modern high rise residential building. Whilst some of this can be attributed to the high number of central facilities and amenities operating in a tall building, follow up discussions with some residents have indicated that a lack of control over the direct household environment (too hot / too cold) is also having a detrimental impact on high rise energy consumption.
By far the biggest difference between urban and suburban "sustainability", perhaps not surprisingly, seems to be in terms of urban infrastructure provision, with the urban scenario approximately a seventh of that provided in the suburban scenario. Whilst acknowledging that this part of the work was the most difficult to ascertain, and the calculations were far from an exact science, the study shows that it is perhaps this field where the most future work needs to be undertaken -to better understand both the operating and embodied energy of infrastructure provision, and how this can be maximized even further in a concentrated urban environment. Perhaps the most useful concluding statement to this pilot study then would be that all buildings need to take every effort to reduce both the energy expended in their materials / construction, and that consumed in their operation, but that the greatest benefit to sustainable cities of the future seems to be in the benefits of concentrated and shared land use and infrastructure.
Limitations of the Study and Future Research
Overall, this pilot study provides a quantitative comparison of the sustainability implications of Chicago downtown high-rise and suburban low-rise living, based on the collection of real data and best available data in the following areas: (i) home operational energy use, (ii) embodied energy of the dwelling, (iii) home water consumption, (iv) mobility and transport movements, (v) urban/ suburban Infrastructure, and (vi) quality of life. It offers an initial understanding of the sustainability of residential life-styles across human, building, and infrastructure scales based on actual case studies in and around Chicago, IL.
Much has been learnt in the undertaking of this pilot study. Whilst work is currently continuing in order to verify all findings and publish the much more in-depth results in the CTBUH Research Report family of publications in early 2017, extensive thought is already being given to a more significant Phase 2 of the study, which would embrace a greater number of building types, households, socio-economic groups and, ideally, cities/locations/ cultures. The extent of the study is largely dependent on the level of external research funding that can be obtained.
Regardless, the following factors are recognized as significant limitations in the study undertaken to date, which need to be addressed in any subsequent studies:
Limitation 1: Pool of Participants
The sample is not representative of the true population spectrum in urban and suburban areas of Chicago (or other cities for that matter). The majority of the residents across both urban and suburban scenarios are white (more than 87%) and wealthy (more than 87% of the households' annual income in both scenarios is higher than the median household income of the Chicago metropolitan area, which was about $60,000 in 2013). This limitation highly affects the study. For example, wealthy people might tend to consume more energy and feel more satisfied with their lives no matter where they live.
Several other demographic characteristics are very different between the urban and suburban scenarios. Those variables include age (the average age of the downtown residents is 51.1 years old, almost 20 years older than Oak Park residents), employment status (e.g., more retired people live in the downtown scenarios, with a 20% share vs. only 6% in Oak Park), and household size (e.g., the average household size of the downtown households is 1.9 people but in Oak Park this figure is 3.3 people). Certainly one of the biggest differences that affected the study, most notably in any assessments translated to a per person basis, was the much higher occurrence of children/families in the suburban scenario (6% of children in the downtown scenarios versus 38% in Oak Park). This higher number of children, and consequently people per household in the suburban scenario, skewed results somewhat. Any future research needs to ensure a better balance of demographics across both scenarios.
Limitation 2: Residential Location
Located only 11-16 km from Chicago city center, Oak Park constitutes a relatively dense amalgamation of singlefamily homes and apartment blocks, with a relatively walk-able environment, and is plugged into much of Chicagoland's public transport system. Thus, Oak Park is not representative of a typical American suburb case though it may be more akin to European or Asian scenarios. A less dense outlying suburb such as Aurora or Naperville would likely show a far more marked contrast with downtown scenarios in the factors embraced in this study.
Limitation 3: High-Rise Building Type
Two of the four residential towers in this study, Aqua Tower and the Legacy Building, are taller than typical high-rise residential buildings. Specifically, both Aqua Tower (262-meter tall, 86-story) and the Legacy Building (250-meter tall, 73-story) can be almost categorized into the super-tall category 8 , which typically consume more operational energy for elevators, water system, pumps, etc. than a more typical high-rise building. Moreover, both Aqua Tower and the Legacy Building are considered as luxury residential buildings in Chicago that offer numerous high-quality on-site management service and amenities, which certainly require much more operational energy than a regular residential tower.
Limitation 4: Energy Data Availability
Since the necessary information for an embodied energy (EE) calculation (i.e., quantities and specifications of materials in the buildings) was not available, the research did not undertake a full detailed assessment of the actual EE in the case study buildings, and instead, an extensive literature review on published building EE studies was conducted. However, few of the high-rise cases in the published research studies were residential, and unfortunately none of them were located in the U.S. Although the findings of this study provide a reasonable understanding of the EE of downtown high-rise and suburban low-rise buildings, the result would be more accurate if a detailed EE calculation of all the buildings was conducted based on the actual quantities and specifications of materials in the buildings.
Also, Aqua Tower was unfortunately excluded in the operational energy (OE) analysis since the energy usage data received from its building management was too limited to be used to conduct a reasonable OE analysis. Therefore, the high-rise OE results were not representative of all the four residential towers in this research. Future research should ensure that building management are fully in support of the study and will provide all relevant data.
Limitation 5: Quality of Life Indicators
Only limited variables were investigated to measure life satisfaction and a sense of community. Demographics such as gender, age, income, household size, etc. were tested in the study, but other variables that might also influence residents' life satisfaction, such as personality, health constitution, marriage status, etc. were not considered in the study or controlled for. The research thus shows that residents in downtown high-rises have a higher life satisfaction when controlling for these limited variables, but the results might be very different if more variables are considered.
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